Branchinecta orientalis is a fairy shrimp endemic to the Palearctic region, from Mongolia to Spain. The patchy nature of its habitat is thought to result in a high degree of subdivision among populations, potentially promoting speciation. We combined morphometric characteristics with molecular phylogeny of cytochrome c oxidase I (COI) to test whether B. orientalis could be a species complex and whether there is any correlation between the genetic variation, morphometric characteristics and geographical variables. We studied six populations from Iran based on the comparison of morphometric and molecular datasets, we confirmed that the Aigher Goli (AIG) population is biometrically well separated from the Akh Gol, Hassar, Rashakan, Khaslou and Garagojanlou populations in northwestern Iran. The relatively high genetic divergence in the AIG from the other populations and its congruence with morphometric data were observed in B. orientalis populations. However, as these results were generated using a small sample size and on a limited sampling range, they should be considered as preliminary.
Introduction
Branchinecta orientalis Sars, 1901, was redescribed by Petkovski (1991) , who also confirmed the distinctive features shared by Branchinecta orientalis and Branchinecta ferox, first noted by Brtek in 1967 . According to previous literature, B. orientalis appears as a Mongolian steppe element, extending from Mongolia to Iran through Tibet, Pamir, Alaya Valley and Afghanistan, and thence through the Ukrainian steppes, the Wallachian and Pannonian lowlands to Spain (Daday 1910; Löffler 1969; Brtek et al. 1984; Vekhoff & Vekhova 1990; Petkovski 1991; Löffler 1993; Belk &Brtek 1995; Manca & Mura 1997) . In the European part of its range, the species typically occurs in periodical natron pools (natron is a naturally occurring mixture of sodium carbonate decahydrate and about 17% sodium bicarbonate along with small quantities of sodium chloride and sodium sulfate) (Brtek 1967) , in highly mineralized or saline pools (Petkovski 1991) , whereas in central Asia it also inhabits high altitude and saline temporary waters (Petkovski 1991) . In Iran B. orientalis has been reported from East Azerbaijan (Mura & Takami 2000) , and it is found as one of the typical large Branchiopoda inhabitants in West Azerbaijan. It occurs in fragmented fresh and brackish temporary waters distributed at altitudes ranging from 800 to 2650 m above sea level. The discontinuous nature of the habitat increases the potential for isolation and differentiation between populations (Boileau & Hebert 1991; Hebert 1978) . Branchiopoda have been long considered as crustaceans with high levels of phenotypic plasticity in response to the highly variable and unstable environments that they inhabit (Cohen 2012 ). This plasticity is reflected in the great inter-and intra-population diversity displayed by anostracans. Several differences in some morphological traits have been found among populations of B. papillata inhabiting isolated high altitude environments (Rogers et al. 2008; Cohen 2012) . Also, some other studies demonstrated molecular differentiations between the populations of fairy shrimps such as Chirocephalus (Reniers et al., 2013) or Phallocryptus (Alonso & Ventura, 2013; Ketmaier et al., 2008) .
The genetic diversity within populations is often used as an indirect indicator of population history, ecology, and ability to adapt (Bazin et al. 2006) . The development and application of molecular tools (especially mitochondrial COI gene sequences) in the last 2 decades have revealed high levels of population subdivision at a microgeographical scale (De Meester 1996; Hebert 1998) . DNA barcoding has become established as useful for validating species boundaries, conducting routine identifications, and revealing new and cryptic species (Herbert 2003) . Barcoding, which uses the mitochondrial COI, frequently reveals cryptic species diversity in most animal groups, for example within lepidopterans (Herbert 2004) , amphipods (Witt 2006) , and also birds (Kerr 2007) . In freshwater zooplankton, barcoding recently allowed for the discovery and description of two cryptic species of cladocerans (Elías-Gutiérrez 2008; Quiroz-Vázquez 2009) and one copepod (Montiel-Martínez 2008) . Genetic studies in different fairy shrimp species support the idea of frequent dispersal and gene flow over short distances such as within pool clusters (Hulsmans et al. 2007; Vanschoenwinkel et al. 2008) . In contrast, little is known about the frequency of dispersal and gene flow among remote or isolated aquatic habitats such as mountain pools or groundwater aquifers, and over large spatial scales (Cooper et al. 2007; Mergeay et al. 2008) . Besides, geographical and physical barriers between conspecific strains must exist for reproductive isolation to evolve as a byproduct of the genetic differences (Gajardo et al. 1998) .
The degree of genetic-morphometric relationship may be clarified in part by examining the association or correlation of genetic characters, such as heterozygosity, with phenotypic states such as size (Korn 2010) . This work uses morphometric analysis and molecular genetic approach (COI) to examine B. orientalis populations from geographically isolated water bodies from different locations of Iran, aiming to characterize mutual genetic and morphometric relationships.
Material and methods
Site description and sample preparation. This study was based on specimens of B. orientalis collected from six geographical regions in the North West of Iran along an altitude gradient within the same season during the first week of sexual maturity (Fig. 1) . Physico-chemical characteristics of the studied habitats are listed in table 1 and  table 2 . Temperature, dissolved oxygen, conductivity and pH were measured using sensors (CRISON MM40, Spain). A hand refractometer (ATAGO, Japan) was used to measure salinity. Chlorophyll a concentrations were measured by filtering a maximum volume of water (until saturation of the filter) through a GF/C filter (mesh size: 1.2 μm) and extracting the pigment in acetone (90%) following the procedure of Nusch (1980) . The chlorophyll a concentration determined spectrophotometrically (absorbency at the wavelength-absorbency at 665 and750 nm). The amount of suspended matter was analyzed following the procedure of De Roeck (2007) . Total nitrate and total phosphate were determined using unfiltered water samples with a spectrophotometer (CAMSPEC M330, UK). Altitude and coordinates were measured using a portable GPS (GARMIN, USA).
Morphometric analyses. Twenty male and female adult specimens were randomly taken from each population. Twelve morphometric parameters were considered: total length, abdominal length, thorax length, head length, distance between compound eyes, diameter of right eye, width of 3 rd abdominal segment, Telson length, length of furca, length of right antenna, ovisac length and width of ovisac (Fig. 2) . Discriminant analysis (DA) was applied for morphometric data (SPSS 11, IBM, USA) (Zhou et al. 2003 ., Camargo et al. 2003 Amat et al. 2005; Asem et al. 2010; Hontoria et al. 2012; Scalone et al. 2013; Ben Naceur 2013; Asem & Sun 2014) .
Molecular Analyses. DNA extraction and PCR amplification. Whole DNA genome was extracted from six specimens belonging to six different localities (6 pools) according to Sambrook et al. (1989) . For this purpose 800 µl of SDS buffer (Tris-HCl 10mM, EDTA 0.5mM, NaCl 75mM, SDS 0.5%) and 10 µl of proteinase K were added to vials containing one Branchinecta individual. The vials were incubated in a water bath at 55-60°C for 30-60 min (with intermittent vortexing every 10 min) and centrifuged at 2700 g for 30 min. An equal volume of saturated phenol was added to the aqueous phase and then centrifuged at 2700 g for 15 min. The aqueous phase was transferred to a new tube. Subsequently, a phenol and chloroform-isoamyl alcohol solution was added to this tube, up to half the volume of the supernatant. The complex of chloroform-isoamyl alcohol was prepared by mixing of chloroform and isoamyl alcohol (24:1). The vials were centrifuged at 2700 g for 15 min. The supernatant was transferred to a new tube and mixed with an equal volume of chloroform-isoamyl alcohol complex. All samples were centrifuged at 2700 g for 15 min. Table 1 .
TABLE l. Average values of measured physical and chemical variables in the studied pools. Garagojanlou (GAR), Akh Gol (AKH), Hassar (HAS), Khaslou (KHS), Rashakan (RAS) and Aigher Gol (AIG).
Codes: Temperature (Temp), Dissolved Oxygen (DO), Transparency (Trans), Electrical conductivity (Cond), Salinity (Salin), pH, total Nitrate (t-N), total Phosphorous (t-P), Chlorophyll a (Chlr a), Suspended material (Susp). FIGURE 2. Definition of morphometric characteristics in Branchinecta orientalis (by author based on literature source: Amat, 1980; Timms, 2012) .
A double volume of ethanol 100% was added to each vial, which were then stored for 1h at -20°C. Next, the samples were centrifuged at 20000 g for 15 min. Subsequently, the ethanol was poured off and the DNA pellet was dried at 37°C in an incubator for 2 h. Finally, the pellet was dissolved in 25 µl of TAE buffer (pH 8.0) and stored at -20°C (Sambrook et al. 1989) . The quantity and quality of DNA was tested by biophotometry and agarose gel running.
The mitochondrial protein coding gene cytochrome c oxidase subunit I (COI) was amplified using the following primers; LCO1490 (5'-ggt-caa-caa-atc-ata-aag-ata-ttg-g-3'), and HCO2198 (5'-taa-act-tca-ggg-tga-ccaaaa-aat-ca-3)'. PCR amplification was performed using BioRad PCR equipment, programmed as follows: 95°C for 3 min, 35 cycles of 95°C for 60 sec followed by 49°C for 80 sec and 72°C for 80 sec, and a final extension of 72°C for 7 min ) Folmer et al. 1994) . A fragment of 658 bp of the mitochondrial protein COI has been analyzed as a single piece due to the fact that no sequence length variation appears (Richter 2007) . The PCR products were verified for the appropriate size by agarose gel electrophoresis after staining with ethidium bromide in a UV transilluminator (Syngene, USA) to visualize the fragment. PCR products were commercially sequenced by Sina Gen Company, Iran. Sequences analysis. The authenticity of the sequences was checked against the potential background genome through a remote BLAST and genome database on the NCBI server. The sequences of DNA and its translation to relevant amino acid sequences (http://www.ebi.ac.uk/Tools/emboss/transeq/) were aligned by multiple sequence alignment tool (http://www.ebi.ac.uk/Tools/msa/ clustalw2). Final alignment with the length of 598bp of the COI gene consisting of our 6 new sequences from Iran and 21 complementary data of the genus Branchinecta from GenBank was considered in the present study (Table 3 ). Molecular characterization of the analyzed sequences were determined using DnaSP v5 (Librado & Rozas 2009 ) (see Table 5 ). Haplotype network was constructed for the analyzed alignment file of Iranian populations and also other species using TCS software version 1.21, but the result of first one presented in the paper. Interspecific and intraspecific genetic distances were analyzed assuming Kimura 2 parameter (K2P) model in MEGA v5 (Tamura et al. 2011) .
Phylogenetic analysis. The best fit model of sequences evolution was determined under Akaike Information Criterion (AIC) using MODELTEST3.7 (Posada & Crandall 1998 ). The selected model (GTR+G+I) was used to reconstruct phylogenetic tree with the Bayesian Inference (BI), using MrBayes 3.1.2 (Ronquist & Huelsenbeck 2003) . The Bayesian analysis was started with a random tree and was run for 1,000,000 generation. Four Markov Chain Monte Carlo (MCMC) chains were run simultaneously for 1,000,000 generations, with trees sampled every 100 generations. The first 5,000 trees sampled were discarded as the 'burn-in' phase and the remaining 5,000 trees were used to build a 50% majority-rule consensus tree. Nodal support values (Bayesian posterior probabilities=BPP) were calculated as the percentage of the 5,000 sampled trees containing the node. Maximum Likelihood (ML) analysis was performed using PAUP 4.0B10 (Swofford, 2002 ). The GTR+G+I model was used to run the ML heuristic tree search with 10 random addition sequence replicates. The branch supports were estimated as bootstrap (BP) values. Artemia urmiana and A. sinica (for accession numbers see table 3) were used as the outgroup.
Relationships between the morphometric, molecular and geographical variables. The correlation between the genetic/morphometric, genetic/geographical and morphometric/geographical variables was assessed using the Pearson correlation coefficient (r) and Mantel test (Kim 2010) for each sex. Mantel test (Manly, 1997) using XLSTAT 4.08 was used to determine the significance of correlations using matrices of pairwise distances between populations. The following distance matrices were used in these analyses: (a) the morphological matrix of morphometric distances among populations, the genetic matrix obtained by AMOVA, geographical distance matrix included: distance and altitude Table 2 .
Results
Morphometric analyses. The first two functions to discriminate individuals grouped by their origin were 61.63% and 20.06% for males, and 60.50% and17.63% for females. For the analysis of the males (Table 4) grouped according to the origin of population to which they belong, total length, length of thorax, abdominal length, telson length, distance between the eyes and width of the 3 rd abdominal segment were statistically significant (p<0.05) and used as discriminant variables. For the females these characteristics were total length, length of thorax, abdominal length, and telson length, diameter of right eye, length of right 1 st antenna and length of ovisac. The discriminant functions obtained for males and females of individuals (Fig. 3a,b) , grouped by the type of population to which they belong, allowed classifying the 89.2% and 82.5% (respectively) of the original group cases correctly. The discriminant functions obtained for the male populations from AKH, HAS, RAS, KHA, GAR and AIG represent their own biotope by 80%, 100%, 90%, 85%, 100% and 100%, respectively. Likewise, the female populations from AKH, HAS, RAS, KHA, GAR and AIG) represent 70%, 85%, 70%, 90%, 80% and 100 % of their biotope, respectively. Molecular Analyses. The mean interspecific genetic distance (Kimura-2-parameter) between B. lindahli and B. lynchi showed the lowest value (10.84±1.42). In contrast, B. orientalis and B. paludosa represented the highest mean interspecific genetic distance (18.91±1.91) ( Table 6 ). In addition, B. paludosa showed no intraspecific genetic distance. B. orientalis represented a higher intraspecific divergence (2.12±0.33) than any other species (Table 6 ). This high divergence value is related to the differentiation of the AIG haplotype (pairwise distance calculation: 6.0±1.0). Calculating intraspecific genetic distance in B. orientalis excluding the AIG haplotype, however, resulted in a much lower value (0.20±0.10). The DNA sequence analysis revealed 21 haplotypes among the species and populations. This allowed constructing eight haplotype networks totally. This analysis within B. orientalis populations revealed four haplotypes (Fig. 5) . The AIG haplotype completely separated from the other B. orientalis haplotypes by 36 fixed nucleotide differences, which confirms the results acquired through maximum likelihood and bayesian inference analysis. Results of the discriminant analysis (DA) on the morphometric variables measured in Branchinecta orientalis females and males grouped by the origin of population to which they belong (KHS, AKH, RAS, HAS, GAR and AIG) as pooled within-group correlations between discriminating variables and standardized canonical discriminant functions (all values measured were normalized by dividing them by total body length).
* Largest absolute correlation between each variable and any discriminant function.
Genetic diversity patterns in all populations (table 3) were evaluated using the software DnaSP v5 (Librado & Rozas 2009 ). The following standard genetic diversity indices were calculated: number of sequence, number of segregating sites, number of haplotypes, haplotype diversity, average number of differences and nucleotide diversity see Table 5 . Both ML and BI trees showed identical topology, hence only ML tree is presented (Fig. 4) . Our result supported the division of the genus into two main clades; the first one consist of our samples of B. orientalis from Iran and the latter encompasses of North American species. Such deep split in phylogenetic trees was supported by high values of BPP and BP (Fig. 4) . Further subdivision was observed within Iranian clade in which AIG population clustered as sister group against all the remains Iranian populations. Relationships between the morphometric, molecular and geographical variations. The results of the Pearson's r revealed strong correlation between the COI gene phylogeny and altitude (p < 0.001, r = 0.912) and between the COI gene phylogeny and male morphometric characteristics (p < 0.001, r = 0.744). There was also significant relationship between the geographical variables and the male morphometric characteristics. However, COI gene phylogeny showed no correlation with geographical distance (p > 0.05).The Mantel test also confirmed the results obtained by the Pearson's r test on the correlation between the COI gene phylogeny and altitude (p < 0.007, r = 0.696) and between the COI gene phylogeny and male morphometrics (p < 0.004, r = 0.713). A marginal, positive correlation was detected between male morphometrics and the geographical distance (p = 0.095, r = 0.614). In contrast to the males, no significant correlation was found between the female populations in terms of morphometry, COI gene phylogeny and geographical variables (p < 0.05) ( Table 7) . 
Discussion
Our results provide preliminary genetic study and its remarkable correlation with morphological analysis in the species Branchinecta orientalis. Currently, a variety of analytical approaches, which include multivariate analysis of morphological characters and molecular systematics, are available to complement classical α-taxonomy, thus providing additional tools to investigate biodiversity and geographical distributions (Wiens 2001) . For example in Artemia, morphological traits have been used as a basis to describe populations and species, though controversy exists on the choice and value of traits, as well as on their degree of genetic and environmental determination (e.g. Gajardo et al. 1998; Hontoria & Amat 1992; Mura et al. 2006) . Undoubtedly, discriminant analysis can be a useful tool to assign an unknown individual to one of the already identified groups. This could be very essential for management or biodiversity purposes, since it is a rapid and quite accurate method to characterize anostracan strains (Hontoria & Amat 1992; Pilla & Beardmore 1994) . In this study, we visualized the morphometric variation using discriminant analysis, as depicted in fig. 3 . This method revealed significant morphometric diversity among the populations of B. orientalis. Discriminant analysis maximized differences and indicated that both male and female individuals from Aigher Goli deviate significantly from the other populations living at lower altitude. Significant isolation of AIG from the other populations suggests a direct relationship between morphometric divergence and geographical separation, which may be based on altitude. A similar correlation between geographical and morphological distance has been documented previously in freshwater microcrustaceans (Hebert et al. 2002; Mura et al. 2006 ) such as in B. papillata inhabiting isolated high altitude environments (Rogers et al. 2008 , Cohen 2012 . Our results support the findings of Hontoria & Amat on Artemia (1992) in that male morphometric analyses proved at least as informative as the female characters. The latter may have somehow altered particularly the female morphology, which is more resistant than males to environmental changes, and requires some physiological and even morphological adaptations in sensu stricto to Gilchrist (1960) .
The use of DNA sequencing for studying species diversity is now a common practice and is particularly useful for taxa such as microcrustaceans in which cryptic or nearly cryptic species diversity is very common (Jeffery et al. 2011) . Hence in this study, mtDNA was applied as marker for further characterization of the B. orientalis populations and to find useful insights on a direct link between morphological differentiation and cryptic genetic diversity. The mtDNA markers, especially COI, are widely used in molecular identification of species and populations from different geographical habitats (Haeger 2010) . Previously unrecognized cryptic genetic diversity not correlated to geographical distance between sampling sites was evidenced within the nominal species of the group B. orientalis, by detecting highly divergent lineages in the high altitude location (AIG). This genetic substructure was detected by sequencing the mtDNA marker, providing strong support for phylogenetic inferences. Similar results with respect to genetic variability have been reported within the species B. lindahli, B. mackini, B. pakardi, B. lynchi (Fugate 1992) , and B. coloradensis, which are living in pools in different valleys in the Rocky Mountains, USA (Bohonak 1999) .
Indeed, the mtDNA haplotype found in the AIG population differed from other populations (AKH, HAS, RAS, KHA, GAR) sampled in Iran, and from the Branchinecta haplotypes from North America by a large number of fixed mutations leading to genetic distance estimates of about half the interspecific distance in the genus Branchinecta (6%). Populations that have been geographically isolated for a long time have a tendency to diverge from each other by adapting to their local environments (Bower et al. 2011) . Based on the results geographical differentiation is strongly associated with molecular or morphological differentiation, when dispersion capacity is limited by a geographical barrier. On the other hand, organisms with a high capacity for dispersal exhibit more molecular and morphological overlap (Scheihing et al. 2010) . The high genetic divergence in the AIG from the other populations illustrated by the maximum likelihood analysis revealed a tree with two well-supported clades for Iranian Branchinecta, as well as the separation of the AIG haplotype from the other haplotype networks.
In conclusion, our study demonstrates the usefulness of combining integral morphological analysis with molecular systematic approach (COI) to better discern species boundaries when studying sibling taxa. Morphometric variations may be explained by the easy changes in morphological characteristics following environmental changes. The high genetic divergence of the AIG population may be the result of extreme founder effects linked to high elevation, leading to the establishment of the population's own genetic structure. Although our results have been generated using a small sample and a limited range, and may thus be considered as only preliminary, our findings emphasize the importance of protecting Aigher Goli as the only existing habitat of prototype population in the area.
